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Abstract: Nanostructured anatase coatings were built-up on
biocompatible polyetheretherketone (PEEK) by means of cold
gas spray (CGS). Titanium layer was previously desposited,
which acted as bond coat between PEEK and metal oxide.
Semicrystalline polymer was not degraded during the spray-
ing process and starting composition of titanium dioxide was
not affected. TiO2 was homogeneously obtained onto CGS Ti
layer and completely covered the piece. Primary human
osteoblasts were seeded onto biomaterials and in vitro cell
experiments provided evidence to confirm that nanostruc-
tured anatase coatings deposited by cold gas spray improve
the performance of PEEK implants. VC 2014 Wiley Periodicals, Inc.
J Biomed Mater Res Part B: Appl Biomater, 102B: 1537–1543, 2014.
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INTRODUCTION
Mechanical properties of polyetheretherketone (PEEK) provide
enough bone-like stiffness, fatigue, and chemical resistance for
being an excellent choice as bone tissue substitute in the bio-
medical field.1,2 Therefore, it has gained much attention in those
orthopedic applications where severe load-bearing behavior is
imperative.3–5 Nevertheless, it is also attributed limited bioactiv-
ity to this material; harsh opposition to allow protein adsorption
or promote cell adhesion has been found.6,7
Attempts for improving its bioactivity have been carried out
by many authors through distinct routes and materials.8–10
Rapid manufacturing processes that could enhance the bio-
logical response of PEEK surfaces are urgently welcomed
and promoted. In this line, thermal spray techniques have
been historically contributing to the state-of-the-art offering
high-performance coatings by means of titanium dioxide
feedstock. Initial works involved hydroxyapatite (HA)1TiO2
layers which were obtained by atmospheric plasma spray
(APS) and high-velocity-oxygen-fuel spray (HVOF).11–13 In
these cases, plasma jet and combustion flame propelled
ceramic particles toward a substrate and were bonded due
its total or partial melting. Obtained results in both tech-
nologies demonstrated superior mechanical properties. TiO2
decreased mismatch of thermal expansion between coating
and substrate. Besides, it acted as obstacle for micro-
cracking propagation induced by stress. Conversely, HA was
in command to favour the biocompatibility of the system.
In further studies, nanostructured titanium dioxide layers
were successfully deposited using HVOF and applied as
implants.14–16 Enlarge the specific surface of titanium diox-
ide by means of nanostructured grains improves protein
adsorption, which leads to increased adhesion of the osteo-
blasts. Thus, satisfactory results related to cell proliferation
were attributed to nanoroughness of the metal oxide. At
this point titanium dioxide was not behaving anymore as
passive material being attractive because of the contribu-
tion of its mechanical properties, but was playing a func-
tional task due to its role in the interaction with proteins.
In any case, temperature involved in above mentioned
processes could increase the grain size of TiO2 and would
reduce specific surface of the solid for finally decreasing
adsorption of organic molecules on the implant surface.
On the other hand, cold gas spray (CGS) accelerates feed-
stock powder by means of nitrogen stream and does not
require temperature for building-up the coatings, which could
assure a higher amount of low-sized metastable TiO2
grains.17,18 Thus, deposit homogeneous nanostructured TiO2
layers by CGS would improve the final performance of PEEK
implants. Nevertheless, it is not so straightforward to develop
a continuous layer of hard and fragile TiO2 due to the impos-
sibility of ceramic particles to deform plastically at the
impact, which is the main bonding mechanism in CGS for
building-up metallic coatings. With the purpose of solving
this issue, it was used anatase powder in this work designed
to create chemical bonds with the substrate and among par-
ticles at the impact easing the development of the coating.19
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MATERIAL AND METHODS
Coating development and characterization
Titanium powder obtained from a fused and crushed pro-
cess was used as feedstock. The CGS equipment used for
obtaining the coatings was a KINETICSVR 4000 (Cold Gas
Technology, Ampfing, Germany), with a maximum operating
pressure of 40 bar, temperature of 800C and it operated
with nitrogen as the propellant gas. In addition, KINETICSVR
4000 had the possibility of using a prechamber of 120 mm
in length connected to the nozzle of the gun where powders
are heated up for a longer time. Powder and cross-section
area of the samples were observed by Scanning Electron
Microscopy, SEM (ProX Phenom) using 20 kV. Sample prepa-
ration for transmission electron microscopy, TEM (Hitachi
H-8000) observation was first based on embedding the
powder into an epoxy resin, which was cut and grinded.
Then, it was polished obtaining a thiner sample and fixed in
a Cu grid for afterwards carrying out ion milling using an
Ar ion beam (4 kV, 0.5 mA). The phase composition of the
substrate and coatings was analyzed by the equipment
X’Pert PRO MPD diffractometer (PANalytical) with work
power of 45 kV–40 mA and Cu Ka1 radiation (k 5 1.5406
Å); u/2u scan from 4 to 100 2u with step size of 0.017
and measuring time of 50 s per step. Roughness was ana-
lyzed using a profilometer SJ-210 (Mitutoyo); 10 linescan of
1 cm were carried out for each sample.
Cell culture
Human osteoblastic cells were obtained from trabecular
bone dissected after knee replacement according to the pro-
tocol described by Nacher et al.20 The study was conducted
in accordance with the 1975 Declaration of Helsinki, as
revised in 1983, and approved by our local Ethics Commit-
tee. All patients submitted written informed consent before
their inclusion in the study. Tested samples were placed on
a 24-well polystyrene culture plate (Nunc A/S) containing
Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5
g L21 glucose and supplemented with 10% FBS, pyruvate
(1 mM), glutamine (2 mM), penicillin (100 UI mL21), strep-
tomycin (100 UI mL21) and ascorbic acid (100 mg mL21)
(Invitrogen), and seeded with 10,000 cells per sample for
viability and proliferation studies and 20,000 cells per sam-
ple for differentiation studies. Three materials were tested:
(i) PEEK; (ii) CGS Ti coating and; (iii) CGS nano-TiO2 coat-
ing. Next day after seeding, specimens were changed to a
new well in order to discard non-adhered cells. Cell assays
were carried out for seven samples per case after 1, 3, and
7 days of culture. Seeded surfaces were also observed by
SEM at different times of culture after cell fixation by glutar-
aldehyde diluted in cacodylate buffer, then critical point dry-
ing. Negative controls (materials without cells) and positive
controls (cells seeded directly on PS) were employed.
Cell adhesion and viability assay
Live cells reduce water-soluble yellow colored 3-(4,5-dime-
thylthiazol-2-yl)22,5-diphenyltetrazoliumbromide (MTT) to
a water-insoluble purple colored formazan product.21 To
analyze cell viability following this principle, a MTT colori-
metric assay kit (Roche Diagnostics GmbH) was employed,
which solubilizes the crystals before the measurement in a
scanning multi-well spectrophotometer (ELISA reader) at
550 nm (reference wavelength> 650 nm).
Cell proliferation assay
The 5-bromo-20-deoxyuridine (BrdU) incorporated into cel-
lular DNA during cell proliferation is detected using a
peroxidase-conjugated anti-BrdU antibody. A BrdU colori-
metric immunoassay kit (Roche Diagnostics GmbH) was
employed according to the manufacturer instructions. The
reaction product was quantified by measuring the absorb-
ance using a scanning multiwell spectrophotometer (ELISA
reader) at 450 nm (reference wavelength of 690 nm).
Cell differentiation
Differentiated osteoblasts secrete alkaline phosphatase
(ALP), which catalyses the hydrolysis of p-nitrophenyl phos-
phate liberating p-nitrophenol and phosphate developing a
characteristic yellow color. ALP activity was measured using
an Abcam’s Alkaline Phosphatase Assay Kit, and the result-
ing absorbance was also measured using a scanning multi-
well spectrophotometer, at 405 nm.
Statistical analyses
Wilcoxon test was used in order to compare MTT, BrdU and
ALP results among tested specimens. Significant p values
<0.05 are considered significant.
RESULTS AND DISCUSSION
Coating development
Cold gas spray may be used for embedding bioactive
ceramic particles on a polymeric substrate for its applica-
tion as implant.22 However, it is quite complex to develop
homogeneous covering based on this kind of feedstock.
Breakdown of the fragile particles at the impact leads to
considerable difficulties for building-up of the coating.
Recent endeavour provided by TS professionals have led to
metal oxide powders able to be deposited by CGS due to its
FIGURE 1. Particle size distribution of nano-TiO2 (a) and Ti (b)
powder.
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capacity of interacting chemically with the substrate. There-
fore, anatase powder designed with this purpose was used
in this survey. Figures 1 and 2 show its particle size distri-
bution and also details SEM and TEM micrographs; average
particle size was ranged between 20 and 100 nm. Different
spraying conditions were tested in order to study the influ-
ence of particle velocity and temperature with the polymer
through variation of pressure and temperature of nitrogen
stream. Nevertheless, unsatisfactory results were obtained.
When operating under CGS low energetic conditions,23
nanostructured anatase particles did not reach enough
velocity for embedding mechanically onto the ductile sur-
face of PEEK. Although ease plastic deformation of the sub-
strate by means of thermal softening is a common
procedure selected in CGS, the authors did not provide tem-
perature to the polymer in order to avoid changes in the
chemical composition of PEEK. Higher energetic conditions
were also tested via increasing gradually pressure and tem-
perature of the propelling gas. Nonetheless, TiO2 particles
were detached from the surface and it was not possible
either to build-up the ceramic coating or mechanically
anchoring the particles into the plastic surface.
In a previous work, CGS Ti coatings were successfully
deposited onto PEEK.23 Metallic layers were properly
bonded obtaining thickness above 1.2 mm. Besides, micro-
Raman spectroscopy confirmed that the polymer was not
degraded during the process due to the low temperatures
involved. In this study, it was used this Ti layer as bond
coat for depositing nanostructured anatase by means of Ti
particles ranging between 20 and 90 mm (Figure 1). Metallic
lower coating could provide hardness, surface geometry,
and chemical composition for easing the adhesion of nano-
TiO2 particles.
24 In this case, 22 factorial design of experi-
ments was purposed in order to study the influence of gun
velocity (vg)/stand-off distance (ds) and pressure/tempera-
ture ratio. Table I summarizes the spraying conditions.
Certain operation parameters provided the adequate bal-
ance for adhering nanostructured particles onto titanium
(Conditions C353). Neither temperature nor stand-off dis-
tance had a deep effect on the coating development in the
studied range. On the other hand, pressure critically influ-
enced the deposition of the particles. First, it was possible
to observe during the spraying that nano-TiO2 was getting
adhered as long as the gun advanced. However, higher pres-
sures gave counterproductive results; previously bonded
particles were detached when the nozzle sprayed material
closer to an already coated area. Similar consequence was
obtained when altering gun velocity. Slower gun velocities
increased the number of impacting particles in a given time,
which results to initial adhesion of TiO2 and its immediate
posterior detachment because of the eroding effect caused
by secondary impinging particles. Finally, either pressure or
gun velocity were adjusted for effectively bonding anatase.
Figure 3 shows cross-section micrographs of both coatings
[Figure 3(a,c)], each interface is detailed [Figure 3(b,d)];
both layers are homogeneous and well bonded. Nanotexture
of anatase coating adhered onto irregular titanium, where
nanostructured metal oxide particles are properly bonded
on the rough surface of the CGS Ti layer. It was found a
complete coverage of valleys and holes developed by non-
dramatically deformed titanium particles impigning at the
top surface of the bond coat. Both rough surfaces are shown
in Figure 4. Surface roughness (Ra) of the distinct surface
materials was measured. Polymer surface was almost com-
pletely flat, presenting a roughness value of 0.560.1 mm.
CGS Ti layers presented an irregular surface with sharp
peaks whose roughness was 22.663.6 mm and CGS nano-
TiO2 eased off the pointed profile of the metallic coating
leading to a value of 17.96 1.0 mm.
Figure 5 represents phase composition (XRD) of PEEK
substrate, CGS Ti layer and CGS nano-TiO2 coating. It is
FIGURE 2. SEM micrographs: Ti powder (a), nano-TiO2 powder (b). TEM micrograph: nano-TiO2 powder, crystallographic plane is highlighted (c).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
TABLE I. Nomenclature of the Spraying Conditions for the





21)/ds (mm) 4–8 C350 C351
8–12 C352 C353
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possible to observe that all materials did not have the pres-
ence of impurities or undesired phase transformations.
Biological response
Cell viability. Results at the first day of culture regarding
cell adhesion showed the same performance either for bulk
polymer or both CGS coating materials (Figure 6). However,
titanium layer and nanostructured titanium dioxide coating
doubled cell viability of PEEK after 7 days. No significant
differences could be observed when comparing metal and
metal oxide. Capacity of cells to get adhered on a surface is
determined by the adsorption of proteins that are present
FIGURE 3. SEM micrographs: Cross-section area of CGS Ti bond coat (a) and CGS nano-TiO2 coating (c). Their respective interfaces are also
detailed (b,d).
FIGURE 4. Confocal micrographs of rough surfaces based on CGS Ti layers (above) and CGS nano-TiO2 (below). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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on the extracellular matrix (ECM).28 Surface stability pro-
vided by crystallographic planes of TiO2, commonly used in
catalysis, may provide an ideal scenario for boosting desired
preadsorption of organic molecules. Nevertheless, cell adhe-
sion in nanostructured anatase did not increase compared
to titanium. Some authors have reported that Ti biocompati-
bility is given by thin titanium dioxide layer formed at the
top surface of metallic grains.29,30 Therefore, lack of differ-
ence observed between CGS coatings in this assay may be
determined by coexistence of the above mentioned metal
oxide monolayer in both materials, which would be in
charge of equalizing the adsorption of proteins. The increase
of MTT results at 7 days of CGS Ti and CGS nano-TiO2 are
attributed to increased proliferation in this specimens com-
pared to PEEK but it not reach to control results.
Furthermore, other authors have observed dependency
of cell adhesion with the stiffness of the sample31; an
increase in the Young modulus of the prosthesis may lead
to better cell adhesion. Thus, rigid surfaces provided by CGS
coatings compared to the original polymer could also con-
tribute to an enhancement of cell parameters such as adhe-
sion, proliferation, and differentiation.
Cell proliferation. Nanostructured TiO2 coatings had a
slight proliferation increase on day 1 and 3 (Figure 7). As
MTT results, both titanium and titanium dioxide showed
superior performance on the seventh day compared to
PEEK but less than control samples. Proliferation may be
stimulated up to a certain value as long as roughness
increases in Ti surfaces.32 Thus, differences in surface geom-
etry between titanium and anatase could explain our results
both cell adhesion/viability and proliferation. These results
corroborate the MTT measurements suggesting clearly a
high performance of Ti materials.
FIGURE 5. XRD of PEEK,25 CGS Ti layer,26 and CGS nano-TiO2 coat-
ing.27. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
FIGURE 6. Cell viability results after 1, 3, and 7 days. Assays were
developed on PEEK, CGS Ti layer and CGS nano-TiO2 coating, n 5 7.
Significant differences among materials are marked with an asterisk.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
FIGURE 7. Cell proliferation results after 1, 3, and 7 days. Assays were
developed on PEEK, CGS Ti layer and CGS nano-TiO2 coating, n 5 7.
Significant differences among materials are marked with an asterisk.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
FIGURE 8. Obtained results in cell differentiation after 1, 3, and 7
days. Assays were developed on PEEK, CGS Ti layer and CGS nano-
TiO2 coating, n 5 7. Significant differences among materials are
marked with an asterisk. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Cell differentiation. Alcaline phosphatase is highly
expressed in differentiated osteoblasts and is currenly used
as a marker of differentiation status. CGS nano-TiO2 showed
a superior capacity of differentiating cells from third day of
culture (Figure 8) compared to other materials tested. At
7 days of culture, TiO2 coatings had similar behaviour than
control cultures. In contrast, titanium layers showed the
worsts results. Last analysis revealed that nanostructured
metal oxide coating had an excellent ability in cell differen-
tiation, obtaining one order of magnitude above the value
of PEEK.
These results give evidence that surface roughness pro-
vided by nanostructured scaffolds may also have a crucial
role in the interaction between cells and solid substrates.33
Nanotextures at the surface of the coating resembled the
nanoarchitecture of natural ECM, which may facilitate differ-
entiation. Besides, other authors have reported that TiO2
coatings with nanometer thickness enhance the biological
response of microroughened titanium surfaces in terms of
cell differentiation.34 In this study, roughness of titanium
and titanium dioxide coatings built-up by CGS were not
quite dissimilar (measured values are shown in Cell Viabil-
ity section). Nevertheless, it is worthy to understand the
distinctiveness between microroughness and nanorough-
ness. Thus, biomimetic superficial features of nano-TiO2
would be in charge of developing successful results in cell
differentiation.
Cell observation. Geometry and aspect of the cells on PEEK
and coating materials was studied after 1, 3, and 7 days of
culture. Figure 9 shows top surface micrographs of polymer,
CGS Ti and CGS nano-TiO2 with corresponding adhered cells
after 7 days of cell culture. In all cases, typical osteoblastic
shape was observed with similar spreading among materials
tested. In spite of differences in parameters such as cell
adhesion, proliferation, or differentiation, it was unfeasible
to correlate the obtained values with scanning electron
micrographs. Punctual covering was spread on the polymer,
coating metal and metal oxide without noteworthy divergen-
ces. In our materials, SEM methodology was not able to
detect minimal changes in cell conformation and focal adhe-
sions between samples.
CONCLUSIONS
Homogeneous nanostructured anatase coatings were applied
onto biocompatible polyetheretherketone (PEEK) by cold
gas spray (CGS). CGS titanium layers were used as bond
coat for easing the adhesion of ceramic particles, which
could provide a surface able to ease chemical bonding with
anatase particles. CGS spraying conditions were adequately
adjusted in order to improve the adhesion of nanostruc-
tured metal oxide on Ti bond coat. Crystalline structure of
titanium was unaffected during the coating process and tita-
nium dioxide preserved its nanostructure. Biological
response of the Ti surfaces was significantly better than
PEEK from 3 days of culture regarding cell viability and pro-
liferation. However, in terms of osteoblast differentiation,
polymer coated with nanostructured titanium dioxide
showed optimal results. Surface micro- and nanoroughness
may be a significant parameter to be controlled during CGS
process so as to optimize the bioactivity of these coating
materials.
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